The emergence of biomolecular homochirality is a critical open question in the field of origins of life. In order to seek out an answer to this unsettled issue, a number of mechanisms have been offered over time, but it still remains a great challenge to date.
Background
Symmetry is a fundamental aspect of nature. For example, certain molecules exist in two forms which are symmetrical mirror images of each other. They are called chiral molecules. Common chemical synthesis generally produces equal amounts of the two forms of chiral molecules. In living systems, however, this symmetry is broken.
Naturally occurring proteins are composed of L-amino acids but not D-forms, whereas DNA and RNA contain only D-sugars. How did this homochirality originally form in the context of the origin of life is a giant conundrum and has received much attention. Bada and Miller [1] claimed that the emergence of biomolecular handedness "must have occurred at the time of the origin of life or shortly thereafter". This and a few other similar arguments, grouped as "biogenic theories" [2] , say that the self-propagating nature of life's chemistry inherently settles on one enantiomer in the racemic prebiotic world, with no need of any abiological source of asymmetry. But they did not explain why one specific enantiomer over the other was preferentially chosen. On the other key importance in amino acid metabolism. For instance, glutamate dehydrogenase and transaminase can regulate the homeostasis of certain α-amino acids and α-oxo acids [29] . A similar function in various bacteria is performed by a family of amino acid dehydrogenases [30, 31] . They catalyze the reversible transformation between almost all proteinic amino acids and their corresponding oxo acids [32] ,
Scheme 1
In Scheme 1, the imine intermediate is reduced by the transfer of a hydride ion (a proton and two electrons) from coenzyme NAD(P)H to form L-amino acids. In this enzymecatalyzed asymmetric reaction, it is generally accepted that the stereospecific regiostructure of the active site of the enzyme controls the handedness of the product.
However, in the prebiotic world, how could a homochiral world of biomolecules have formed in the absence of enzymatic networks? A new "determinate mechanism" [2] I would propose here is that the enatioselective synthesis was determined by the spin state of the electrons in the reductive amination reaction.
Spin is an intrinsic property of all fermions whose spin quantum numbers (ms) take half-integer values. For electrons, spin is divided into two well-entrenched camps, "spin up" (↑, ms = +1/2) and "spin down" (↓, ms = -1/2). In the absence of a magnetic field, these two states are present in statistically equal numbers and degenerate, just like the racemization of the two mirror images of a chiral molecule. In the presence of magnetic interactions, however, the two spin states can be split and well discriminated [33] .
Electron spin is also determinate when filling electrons into atomic orbitals. For example, in the reductive amination reaction of an α-oxo acid, protons and electrons may attack the Schiff base separately or synergistically ( Fig. 1 ). If synergistically, the reaction is referred to as a proton-coupled electron transfer (PCET) process [34] . The reduction of the C=N bond needs the transfer of two electrons, but always proceeds in two successive univalent steps, the intermediate state being a free radical [35, 36] (Fig.   1 ). The first negative electron is added to the positive iminium ion, producing a C radical intermediate. In the second step, there are four possible spin state combination forms between the radical intermediate and the second electron (or H atom) since each of them has two spin states ( Fig. 1 ). According to the Pauli exclusion principle, however, two electrons in a bonding orbital can never have the same spin. Therefore, pathways (b) and (c) in Fig. 1 are forbidden. The hypothesis is that pathways (a) and (d) might produce the two nonsuperposable mirror images of an amino acid, with different stereoconfigurations from one another. If channel (a) brought L-amino acids, channel (d) would yield D-amino acids. In other words, in a reaction between two radicals (including electron and H atom), if the spin orientation of the unpaired electron of one radical is already defined, the stereo-configuration of the chiral product is determined as well. Here it should be noted that the spin state of the second electron is instantaneous. Once the new chemical bond forms, the electron will delocalize over the whole molecule and also its spin orientation will flip over and over again due to spin exchange interactions. If the above conjecture was right, the chirality of the amino acid product would depend on the spin state of the second electron, or in a PCET reaction the second hydrogen atom. A neutral hydrogen atom consists of a proton and an electron (Fig. 2) .
The atomic hydrogen with the spins of the electron and the proton aligned in the same direction (parallel) has slightly more energy than one where the two spins are in opposite directions (antiparallel) [37] . This is an inherent quantum mechanical result, which arises from the hyperfine splitting of the 1S ground state due to the interaction between the magnetic moments of the proton and electron. The splitting leads to two distinct energy levels separated by ΔE = 5.9×10 -6 eV. They represent two ground state forms of atomic hydrogen. When the relative spins change from parallel to antiparallel, a photon is emitted. This emission, famously known as the 21 cm line (corresponding to the energy of 5.9×10 -6 eV), is easily observed by radio telescopes [38] . However, it is unlikely to be detected in laboratory on Earth, because the transitions are rare and only in the interstellar medium are there enough atomic hydrogens and emission lines to be readily observed. When hydrogen atoms react with the radical intermediate in Fig.   1 , as a result of magnetic dipole interactions, the antiparallel structure owning a lower energy might lead to the formation of L-amino acid which is also at a lower energy level than its corresponding D-amino acid [39, 40] . This may help explain why the natural enantiomers in terrestrial biochemistry always have intrinsically more stable low energies and prefer over its unnatural counterpart. Fig. 2 . In a hydrogen atom, aligning the spins of the proton (blue) and the electron (red) increases the atom's total spin from zero to one. If the electron revolves around the nucleus with antiparallel spin alignment (left), the system occurs in a lower energy state.
The above mechanism could also be applied to explain the asymmetric degradation of chiral molecules induced by CPL [18, 19, 41] . Photons of left-and right-CPL have opposite projections of angular momentum on their propagation direction.
When a beam of CPL is absorbed by a molecule, polarized photons will exchange angular momenta with molecular electrons. In this way CPL can produce spin polarized electrons and vice versa [42, 43] . The resulted spin polarized electrons may induce the asymmetric decomposition of the molecule. Recently, a series of very beautiful studies contributed by Rosenberg et al. [44] [45] [46] and Dreiling and Gay [47] showed that spinpolarized electrons arising from magnetized Permalloy (Fe0.2Ni0.8), chiral selfassembled layer of DNA, and semiconductor GaAs all can trigger asymmetric dissociation of chiral molecules. Although the mechanism behind those observations is still open, a conclusion may be modestly drawn that there does exist a potential relationship between electron spin polarization and chiral discrimination. This would be called spin-induced chiral selectivity (SICS).
Based on the discussion above, the new hypotheses I would present in this paper looms clearer. The key content of the hypothesis deals with asymmetric synthesis but not degradation. The emergence of prebiotic homochirality might have its root in the SICS mechanism. The spin polarization constrains the symmetry of the wave functions involved with the radical coupling reaction ( Fig. 1 ), resulting in a small energy difference between the two chiral forms of the product by which only one enantiomer is selected. This mechanism is based on a pure quantum mechanical effect, that is, the spin-spin or spin-orbit interaction. It is thanks to a source of electrons or H atoms with a single spin state. But where and how could such a homogenous electron spin state have formed in the prebiotic world? This will be discussed subsequently after an introduction to the hydrothermal vent theory for the origins of life on early Earth.
Hydrothermal vent theory and greigite
Hydrothermal vents are fissures in a planet's solid surface through which geothermally heated water issues [48] . At the bottom of an ocean, seawater infiltrates deeply down into the earth's crust through cracks. In the first type of vent, after heated by magmatic intrusions at oceanic spreading centers, the waters circulate and gush back into the ocean at temperatures up to 400 ℃ [49, 50] . Due to the high hydrostatic pressure (approaching to tens of megapascal) at the base of the convection cell, the waters may exist either in liquid form or as supercritical fluids, i.e., fluids at temperatures at or above their critical temperatures. Water-rock interactions in these conditions dissolve iron, manganese, zinc, and copper, along with CO2, H2S and CH4 out of the rock in what are, by now, acidic solutions. Hydrogen is also produced through the reduction of a portion of the circulating ocean water. On meeting present-day alkaline seawater calcium sulfate is precipitated, only to be rapidly replaced by iron, copper and zinc sulfide [48, 51] . On the early Earth when oceans were acidic, these metals would have been born directly into the ocean where they would have remained supersaturated until meeting alkaline waters [52, 53] .
A second type of hydrothermal spring locates several kilometers away from the spreading zone. These are alkaline (pH 9-11) and cooler, attaining a temperature approaching 100 ℃ [54] [55] [56] . They are driven merely by the geothermal gradient and exothermic reactions [57] . Although negligible contents of the transition and posttransition metals are recorded in these fluids, they do also contain varying concentrations of H2 and CH4, and yet a small amount of formate and longer hydrocarbons [48, 58, 59] . The chimneys growing at these submarine springs today are also in marked contrast to the first type of vent. They comprise calcite, aragonite (both are CaCO3) and brucite (Mg(OH)2) [54, 60] , though those growing in the Hadean likely consisted of ferrous/ferric oxyhydroxides, silica and sulfides [61, 62] .
Since their first discovery in 1977 [63] , the submarine hydrothermal vents have been frequently argued as a congenial site for the origins of terrestrial life [54, [64] [65] [66] [67] [68] [69] . However, alkaline vents now seem more likely [56, [70] [71] [72] . Nevertheless, either scenario makes sense because many living organisms are found near the vents, especially a great diversity of extremophile archaea [73] [74] [75] which are generally believed to be the most primitive life forms on Earth [76] .
In fact, these discoveries are only one of several reasons why in the last forty years interest has been focused on hydrothermal vents in general as potential sites for life's origin. Some other aspects are as follows: 1) the thermal fluids under high pressure are
conducive to the prebiotic synthesis of organics [77, 78] .
2) The minerals at either type of vent could have acted as catalysts, templates, compartments, and power sources for not only the prebiotic synthesis of biomolecules [66, 69, [79] [80] [81] , but also the crucial evolutionary nascence of ancient metabolic pathways and the emergence of the first cells/vesicles [70, [82] [83] [84] [85] [86] . 3) On early Earth, the submarine niche provided an ideal refuge where primitive life could have been protected against extensive meteorite impacts, hard UV, and partial vaporization of the ocean [78] . 4) In 2000, Rasmussen [87] reported a discovery of pyritic filaments in a 3,235-million-year-old deep-sea volcanogenic massive sulfide deposit from the Pilbara Craton of Australia. This fossil remains of thread-like microorganisms which are probably thermophilic chemotropic prokaryotes. 5) In all extant life forms, there exists a family of iron-sulfur proteins [88] [89] [90] . The Fe-S cluster structures at the active centers of these proteins are similar to some sulfide minerals. For instance, the [4Fe-4S] or [3Fe-4S] 'thiocubane' units in a class of ferredoxins look very like the cubic unit of greigite, Fe3S4 [70, 82, 86] . Therefore, a notion has been entertained that iron-sulfur proteins may evolve from those mineral structures sequestered by primordial abiotic peptides, and the whole later on to act as a biological electron transfer agent [90, 91] . All these concerns imply that the hydrothermal vents might be the initial hatchery for the last universal common ancestor of all extant life on Earth.
The original major sulfide precipitated on the mixing of the HS --bearing hydrothermal fluids and Fe 2+ -bearing ocean water upon the chimneys would be nanosized colloidal particles of amorphous FeS [66, 92] . With time, disordered FeS always reacts to form more stable iron sulfide phases such as metastable but well-organized tetragonal mackinawite (FeSm) and cubic greigite, and ultimately ends up mainly as pyrite (FeS2) [28, [93] [94] [95] [96] . Mackinawite and greigite are rarely observed in today's marine sediments [94] . On the contrary, the most common sulfide mineral of sea-floor deposits from hydrothermal fumaroles is pyrite [97] . Nevertheless, a number of studies have implicated the mackinawite and magnetic greigite as essential intermediates for the formation of pyrite as follows: Fe 2+ + S 2-→ FeS → Fe3S4 → FeS2 [98] [99] [100] . Especially in the case of framboidal pyrite, it was suggested that the role of greigite as a precursor phase accounts for the formation of the unique raspberry-like shape of pyrite, by attributing its framboidal form to the aggregation of greigite microcrystals under magnetic forces and their subsequent pyritization [100] . Ohfuji and Akai [101] have examined pyrite framboids from various of sediments. They found that most of the microcrystals do have ferromagnetic greigite components in their central parts.
Chemically, the formation of FeS2 from FeS requires the oxidation of S but not Fe, while in the FeS to Fe3S4 transition Fe 2+ is oxidized to Fe 3+ , whereas S 2remains unchanged. Greigite is a mixed-valence compound, consisting of Fe 2+ and Fe 3+ centers in a 1:2 ratio. Thus it is clear that an oxidant is necessary for mackinawite to react to greigite, and also it is of key importance to tune the valence fluctuation of iron ions during the mineralization of greigite [102] . Indeed, weak inorganic or organic oxidants such as elemental sulfur [103] [104] [105] [106] , polysulfide anions [106, 107] , an appropriate amount of oxygen [106, 108] , and cysteine (possibly in the form of cystine) [106, [109] [110] [111] have assuredly been demonstrated to be able to affect the chemistry of iron sulfides and help the formation of greigite. White et al. [112] recently reported the small scale oxidation of freshly-precipitated mackinawite to greigite at temperatures of around 75 ℃. They suggested a reaction mechanism whereby anoxic H2O is the oxidant, although this is still an open question.
Structurally, mackinawite has a layer structure, wherein an iron ion is linked in a tetragonal coordination to four equidistant sulfur ions (Fig. 3c ). Greigite is a cubic inverse thiospinel mineral. The metal ions locate at two different interstices, tetrahedral A sites and octohedral B sites, between a close-packed cubic lattice of the sulfur ions ( Fig. 3a) . A sites are populated by Fe 3+ ions only and B sites by both Fe 3+ and Fe 2+ ions. Electron hopping between ions of the two different valences results in the large conductivity of greigite. Pyrite has a cubic crystal structure with Fe 2+ ions at the corners and face centers of the cube unit cell and dumbbell shaped disulfide S2 2− ions at the cube center and the midpoints of cube edges (Fig. 3b ). As proposed earlier by Wang et al. [28] , the transformation of mackinawite to greigite occurs through partial oxidation of the ferrous ions in the multilayer lattice followed by atom rearrangement. Whereas to pyrite, it needs complete lattice dissolution and disturbance [96] . An intuitive idea is that the former transition takes place more readily. However, since greigite is thermodynamically metastable with respect to pyrite, the anoxic oxidation of mackinawite in hydrothermal conditions always mainly produces pyrite [106] , although in that process greigite maybe has existed as an intermediate [100] . But interestingly, in the paper by Rickard and coworkers [96] , they showed that trace amounts of aldehydes enable the formation of greigite with high purity from mackinawite and inhibit pyrite formation, whereas in the absence of aldehydes the products are almost entirely pyrite. This is because aldehydes suppress the lattice dissolution and damage at the surface sites of mackinawite. More recently, Wang et al. [28] demonstrated that α-oxo acids are more efficient than aldehydes in triggering the selective oxidation of FeS to greigite at 25-100 ℃. They suggested that both α-oxo acids and aldehydes adsorb on the surfaces of mackinawite to form five-membered ring complexes, in which the Fe 3d electrons are pulled toward the carbonyl group of the organic molecules to produce pseudo Fe 3+ ions. The latter then drives the rearrangement of Fe atoms to form greigite, while the cubic close-packed S array retained in the new phase. These results confirm that a partially oxidized intermediate is necessary for the mackinawite-to-greigite transformation to occur. In addition, either mechanism implies that greigite rather than pyrite may have been produced from mackinawite in the primitive hydrothermal vents, since the above-mentioned carbonyl compounds could have been generated on the early Earth and then accumulated in the prebiotic ocean [113, 114] . Especially the α-oxo acids, that they are able to be in situ synthesized under submarine hydrothermal conditions [115] is apposite to the emergence of greigite in the hydrothermal deposits.
The pathway from mackinawite to greigite is suggestive of the origins of life in the hydrothermal vent systems, since the greigite crystal structure bears good affinity with the active centers of bacterial or archaeal enzymes [116] and is comparable to the cubanes comprising the active center of [4Fe-4S] enzymes [70] . More important is that the mineral greigite may serve as a spin filter to produce spin-polarized currents and then induce asymmetric syntheses. This will be discussed below in more detail.
Electron spin properties of Fe3S4: implications for chiral synthesis
Greigite (Fe3S4) is an iron thiospinel. It has the same crystal structure as magnetite (Fe3O4) and crystallizes in the inverse spinel structure. In physics, greigite is ferromagnetic, with the spin magnetic moments of the Fe cations in the tetrahedral sites oriented in the opposite direction to those in the octahedral sites, and a net magnetization. Both metal sites have high spin quantum numbers. Electron hopping is inferred to occur between high-spin ferric and ferrous ions in octahedral lattice positions, resulting in a metal-like conductivity of greigite. These special properties of greigite make it a half metal. The half metal is an extreme case of completely spin polarized materials. It is metallic for one spin direction and insulating for the other [117] . In other words, a halfmetal acts as a conductor to electrons of one spin orientation, but as an insulator to those of the opposite orientation ( Fig. 4) . Thus when a "racemic" current consisting of equal amounts of up-spin and down-spin electrons passes through a half metal like greigite, the latter can serve as a filter to produce a totally spin-polarized current. The magnetic field of one electron is cancelled by an opposite magnetic field of the other electron in the pair. Thus the densities of states of up-spin and down-spin electrons at their Fermi levels are equal (if the two densities are both zero, it is called semiconductor or insulator), and their P = 0 ( Fig. 4a ). Some ferromagnetic materials such as Fe, Co, and Ni own unpaired 3d electrons and large spin-orbit coupling (SOC).
Their P values are larger than 0 but smaller than 1 because the densities of states of upspin and down-spin electrons at Ef are different (Fig. 4b) . However, if a material has a band gap in the minority band but exhibits metallic behavior in the majority band, the density of state of the minority band is zero and as a result P = 1 (Fig. 4c) . A half-meal like greigite is exactly such a material.
So the mineral greigite may act as a spin filter to produce polarized electrons with a uniform spin orientation and induce asymmetric synthesis through the SICS mechanism. If the assumption was true, greigite might have participated in the formation of the homochiral world in the prebiotic hydrothermal vents. However, the composition of an ancient hydrothermal sulfide chimney would have been heterogeneous. Some other nonmagnetic minerals such as pyrite, chalcopyrite (FeCuS2), and sphalerite (ZnS) might have formed therein [48, 51, 118] . These nonmagnetic intergrowth species may do damage to the inherent spin density state of greigite. However, greigite is a magnetic mineral. It can be controlled by the primordial geomagnetic field or the natural remnant magnetism in rocks. This could have helped the rectification and directional accretion of greigite particles, and also the alignment of magnetic dipoles in the particles against thermal fluctuations [92, [119] [120] [121] . Binding to the field-controlled greigite particles would have caused a drastic reduction of phase space available to the reacting organics [120] . The team-up of greigite microstructures themselves, as well as along with organics, not only offers a mechanism for the framboid-like scaling-up of magnetic assemblies [100] , but also permits the diffusingin and diffusing-out of organic/inorganic "foods" and "wastes", respectively, just like a metabolic machine [120] . Meanwhile, this field-controlled system exerts regulation on electronic spin states and hence spin-selective chemical reactions [119] and molecular interactions [122] . When the natural electricity in situ generated between the separated hydrothermal fluids and seawater [80, 81, 123] is applied to the greigite electrode, a net spin polarized current is produced and then spin-selective chemical reactions happen to the adsorbed organics on the mineral's surfaces.
Later on, in the evolutionary context, Fe3S4 would have combined with prebiotic peptides and finally evolved into extant iron-sulfur proteins, whose Fe-S cluster active centers are strikingly similar to greigite in tiny structure [70] . During the prebiotic phase or the early stage after life arose, Fe3S4 and iron-sulfur clusters of the proto-proteins might have acted as spin filters to induce asymmetric synthesis of amino acids and other chiral biomolecules. Although still occur in extant ferredoxins, over time the Fe-S cluster structures and their catalytic function got partially pushed away from bioentities upon takeover by pure organic enzymes. For example, the amino acid dehydrogenases, which catalyze the asymmetric synthesis of amino acids (Scheme 1), comprise a cofactor of NAD(P)H but not Fe-S clusters. But this does not mean that the amino acid dehydrogenases in the early stage were definitely not a Fe-S cluster-dependent enzyme, since during evolution their iron sulfur clusters might have been replaced by NAD(P)H, as shown in the Entner-Doudoroff pathway of P. furiosus which belongs to the most primitive organisms [124] . Taking inspiration from this assumption, therefore, it might be expected that the NAD(P)H-coupled amino acid dehydrogenases in extant organisms might be evolutionary vestiges of a primordial metalloenzyme ancestor. In other words, in the prebiotic stage greigite participated in producing chiral amino acids through the SICS mechanism, then iron-sulfur proteins did this, and at last nonmetallic enzymes made of homochiral amino acids.
Validation: a suggested test model
According to the above arguments, the half metal Fe3S4 can produce a net spin polarized electric current and drive asymmetric reduction for the synthesis of chiral chemicals.
To test the suggested hypothesis, one can prepare Fe3S4 electrodes to catalyze the asymmetric syntheses of chiral molecules such as α-amino acids (Scheme 1). When doing this, an external magnetic field is suggested to be added for spin state regulation.
Thin films of Fe, Ni, or Fe/Ni alloy may also be considered as a candidate magnetic electrode because they are more easily prepared with high quality by using conventional electron beam evaporation [125] or magnetron sputtering [126] techniques, though their P values are only about 0.3-0.5 [127] .
Discussions and conclusions
Scenarios to account for the origin of life deal with a series of cascading processes from inanimate chemicals to the first free-living cells. They look at basic chemistry of life-the molecular building blocks, the genetic code, the translation and transcription systems, the metabolic network and the cell membrane. They speak to how the universal attributes of life could have formed by retracing the path to the ancient times. Homochirality is a typical common feature of all extant life on Earth. Therefore, all theories for the origin of life must offer testable hypotheses to account for the source of the homochirality. If an abiotic mechanism for the primordial origin of chiral homogeneity is necessary, a scenario for the origin of life must be crosslinked to it.
In this paper, based on the hydrothermal vent theory for the origins of life, I tentatively put forward a new hypothesis that the original asymmetry of biomolecules might have emerged on the surfaces of mineral greigite. As a half metal, the mineral greigite might act as a spin filter to produce spin-polarized electrons, and then trigger the asymmetric synthesis of biomolecules. If we consider life as an "order", and the racemic prebiotic world as a "chaos", it is difficult to imagine how an "order out of chaos" could have taken place, because no chirality no life. However, since there are good evidences to suspect the widespread existence of greigite in primordial hydrothermal chimneys, the suggested reaction model, if could be experimentally demonstrated, may support the scenario that life originated in a local environment such as the hydrothermal vent systems on early Earth. The "organic order" of biomolecular chirality possibly arose out of the natural "inorganic order", electron spin. Life is highly-ordered. It has been frequently argued that life's emergence could be postulated as a continuum from Earth's inorganic geochemical processes to chemoautotrophic biochemical processes. Thus in the chemical evolutionary context of "spin → chiral biomolecules →…→ protobiont", physical rules such as the SICS mechanism might have provided a driving force for the origin of the secondary order -chirality, and the protolife was an "order out of order out of order". Life is just like a lone nocturnal boat floating on a boundless sea. We don't know where we came from. The suggested spininduced chirality selective mechanism may draw a navigation line between the spin properties of inorganic mineral and the chiral features of organic life, and tell us the answer in which the spin and chirality are just like two light towers in the darkness.
